Objective. Photosensitivity is common in patients with systemic lupus erythematosus, although the mechanisms linking ultraviolet (UV) light to flares are not well understood. We undertook this study to determine whether repetitive UVB exposure could induce type I interferon (IFN) production in normal mouse skin, and to investigate the roles of inflammatory monocytes and plasmacytoid dendritic cells (PDCs) in type I IFN production and development of UVB irradiation-induced inflammation.
IFN response was independent of PDCs but dependent on inflammatory monocytes, which were recruited following UVB irradiation. The adaptor protein STING was necessary for both type I IFN and proinflammatory cytokine expression in the skin. UVB-irradiated IFNAR-knockout mice showed increased levels of proinflammatory genes and more severe inflammation by histology, suggesting a protective role for type I IFN.
Conclusion. In wild-type mice, repeated doses of UVB irradiation induce monocyte-dependent and PDCindependent expression of type I IFN together with expression of other proinflammatory cytokines. Induction is dependent on the adaptor protein STING. Surprisingly, studies using IFNAR-deficient mice revealed that type I IFN protects against UVB irradiation-induced skin inflammation, in part by attenuating proinflammatory cytokine expression and limiting tissue damage.
Skin disease and photosensitivity are common manifestations of systemic lupus erythematosus (SLE) and are observed in more than 70% of patients at some point during disease (1) . Ultraviolet (UV) light is a well-identified trigger of both localized cutaneous disease (cutaneous lupus erythematosus [CLE] ) and systemic disease (SLE). In addition, patients with CLE develop cutaneous lupus lesions when challenged with UV phototesting (2) . Photosensitivity is thought to occur when lupus autoantibodies bind to nucleoprotein-containing antigens (e.g., Ro/SSA) exposed upon UV-mediated cell death (3) . The in situformed immune complexes (ICs) induce inflammation in the skin through activation of complement, engagement of activating Fcg receptors (FcgR), and other less-defined pathways. While this model of photosensitivity was formulated following the analysis of human SLE skin biopsy samples, the role of innate immune cells in UV-stimulated normal skin injury has not been well studied.
Two events, keratinocyte apoptosis and plasmacytoid dendritic cell (PDC) activation, have been linked to UV-induced skin lesions in CLE (4) . Apoptotic keratinocytes are observed in biopsy samples from CLE lesions, and keratinocyte apoptosis is thought to be the source of nuclear autoantigens in CLE (3, 5, 6) . PDCs, innate-type immune cells, are proposed to be central to the pathogenic response to ICs seen in lupus (7) . PDCs are present in CLE lesions on biopsy (8) and are known to secrete large amounts of type I interferon (IFN). The IFN family includes cytokines likely responsible for the type I IFN signature seen both systemically and locally in CLE lesions (9) . PDCs are stimulated to secrete type I IFN when DNA-and RNA-containing ICs are phagocytosed by FcgRIIa and delivered to the endosomal compartment, triggering the activation and signaling of the endosomal pattern-recognition receptors Toll-like receptor 7 (TLR-7) and TLR-9 (10). However, DNA and RNA released by dying cells are also potent inducers of the innate immune response (11) , so it is not known whether and how repetitive UVB-mediated cell damage stimulates type I IFN in the skin prior to development of autoantibodies. To address these questions, we exposed normal mice as well as mice deficient in type I IFN receptor and mice deficient in stimulator of IFN genes (STING; an adaptor that responds to intracytoplasmic DNA by stimulating the production of type I IFN) to UVB irradiation, and we assessed inflammation and type I IFN production.
In this study, we observed that repeated UV irradiation of normal mouse skin induced a modest expression of type I IFN and IFN-stimulated genes (ISGs) together with proinflammatory cytokine expression. We observed that expression of proinflammatory cytokines and ISGs was dependent on STING, indicating a prominent role for DNA in the initiation of type I IFN stimulation. While depletion of PDCs did not abrogate the type I IFN response, depletion of CCR21 monocytes, which were prominently recruited to the skin, reduced type I IFN expression. Surprisingly, in the absence of IFN signaling, cutaneous infiltrates, inflammation, and interleukin-6 (IL-6) expression were increased, suggesting a protective role for type I IFN in UVB irradiation-induced inflammation and skin damage.
MATERIALS AND METHODS
Mice. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Washington, Seattle. All animal experiments were conducted using 8-20-week-old C57BL/6 (B6) mice unless indicated otherwise. Animals were maintained and bred in specific pathogenfree facilities. Transgenic mice that express the diphtheria toxin receptor (DTR) under the control of the highly specific human PDC gene promoter blood dendritic cell antigen 2 (BDCA-2-DTR-transgenic mice) were purchased from The Jackson Laboratory. Mice transgenic for CCR2 and green fluorescent protein (CCR2-GFP-transgenic mice) and CCR2-DTR-transgenic mice were kindly donated by Dr. Tobias Hohl (Memorial Sloan Kettering Cancer Center, New York, NY).
UV irradiation and tape stripping. UVB light was delivered by FS40T12/UVB bulbs (National Biological Corporation) with peak emission between 300 and 315 nm and rapid decrease in emission beyond the UVB range (according to the manufacturer's data, emittance below 280 nm was undetectable). The UVB dose was measured with a Photolight IL1400A radiometer equipped with a SEL240/UVB detector (International Light Technologies) and calibrated prior to each experiment. The backs of the mice were shaved prior to irradiation. Mice were allowed to move freely in their cage during UVB exposure. For subacute UVB irradiation, the back was irradiated with UVB at a dose of 100 mJ/cm 2 for 5 consecutive daily doses totaling 500 mJ/cm 2 . Time points were in relation to the fifth day of UVB exposure, which was used as the zero time point. For tape stripping, backs of mice were shaved and depilated (Nair; Church and Dwight) immediately before cutaneous injury. Injury was induced by using 15 strokes of meditape (Scotch; 3M Company) across the back (as described in ref. 12) , and skin was examined at 24 hours.
Cell depletion. For depletion experiments, DT (Sigma) was injected intraperitoneally at 125 ng (for PDC depletion) or at 250 ng (for CCR21 monocyte depletion). PDC-depleted and wild-type (WT) mice were injected 24 hours before tape stripping or the first UVB dose. In UVB experiments, DT injection was repeated every 2-3 days for the duration of the experiment (a total of 3 doses per mouse).
Immunohistochemistry/immunofluorescence. Skin was preserved in 10% formalin and embedded in paraffin or snapfrozen on dry ice and embedded in TissueTek OCT compound (Sakura Finetek) and stored at 2708C. Paraffin-embedded sections were stained with hematoxylin and eosin (H&E) for examination by a comparative pathologist (DL) who was blinded to the treatment protocol. An aggregate lesion severity score ranging from 0 (normal) to 41 (greatest severity) was generated based on assessment of several parameters including epidermal thickness and relative degree of intraepithelial, dermal, and hypodermal inflammatory change. Nucleated cells were quantified in H&E-stained sections in a blinded manner using ImageJ software (National Institutes of Health).
Quantitative polymerase chain reaction (qPCR) of messenger RNA (mRNA). RNA was isolated from full-thickness skin samples using an RNeasy Fibrous Tissue Mini Kit with on-column DNase treatment (Qiagen). First-strand complementary DNA (cDNA) was generated using 100 ng RNA with a High-Capacity cDNA Reverse Transcription Kit using random primers (Applied Biosystems). Reactions (20 ml) were run in duplicate on a StepOnePlus real-time PCR instrument (Applied Biosystems) using gene-specific primers. C t values were determined with constant threshold at 0.2. C t values were standardized to the housekeeping gene 18S, and fold change was calculated against a separate cohort of nonirradiated mice using the 2 -DDCt method. The standard curve showed similar amplification efficiencies for each gene, and template concentrations were within the linear dynamic range for each primer set.
The following primer sequences were used: for 18S, . Repeated exposure to ultraviolet B (UVB) irradiation induces cutaneous inflammation and mixed inflammatory (inflamm.) cell response in skin. C57BL/6 mice were exposed to subacute UVB irradiation (100 mJ/cm 2 for 5 days). A, Representative flow cytometry plots from UVB-irradiated skin following the final UVB dose for neutrophils (CD451CD11b1Ly-6C1Ly-6G1), inflammatory monocytes (CD451CD11b1Ly-6C1Ly-6G2), macrophages (CD451CD11b1CD641), and T cells (CD451CD31). B, Flow cytometry analysis showing the percentage of neutrophils, inflammatory monocytes, macrophages, and T cells in the skin 3, 24, and 72 hours following UVB irradiation. C, Cutaneous expression of mRNA for proinflammatory cytokine genes 3, 24, and 72 hours following subacute UVB injury in B6 mice, as determined by quantitative polymerase chain reaction. Fold change was calculated against a separate cohort of nonirradiated mice, using the 2 -DDCt method. Data are compiled from at least 3 independent experiments (n 5 20 mice per group). Values in B and C are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation, by Student's unpaired t-test.
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SONTHEIMER ET AL (CD451Ly-6C1CD11c1, PDC antigen 1 positive [PDCA-11], and Siglec H positive) (13) were identified using monoclonal antibodies from eBioscience, Miltenyi Biotec, or BioLegend.
RESULTS
Repeated skin exposure to UVB induces cutaneous inflammation and mixed inflammatory cell infiltrate. Since our pilot qPCR studies did not reveal a type I IFN response after a high, single-dose UVB exposure of 500 mJ/cm 2 (data not shown), we used a lower-dose UVB irradiation regimen developed by Sharma et al (14) . This UVB regimen, referred to herein as "subacute UVB irradiation," consisted of 5 consecutive days of UVB irradiation at 100 mJ/cm 2 , which should be more representative of repetitive UVB exposure in humans. We performed biopsies after the final (fifth) UVB dose, isolated cells from full-thickness skin sections, and performed flow cytometry analysis.
Subacute UVB irradiation induced a robust tissue response with a large influx of neutrophils and monocytes comprising 20% and 12%, respectively, of CD451 cells; this response peaked at 3 hours before decreasing to nearbaseline levels by 72 hours ( Figure 1B) . The large influx of neutrophils following subacute UVB irradiation was distinctly different from that resulting from a single UVB dose of 500 mJ/cm 2 , which induced an influx of monocytes but much lower numbers of neutrophils (data not shown). Following subacute UVB irradiation, there was an increase in macrophages at 3 hours that returned to baseline levels by 24 hours. In nonirradiated skin, T cells comprised ;25% of skin immune cells. Following UVB irradiation, the proportion of T cells decreased to ,5% at 3 hours before returning to pre-UVB irradiation levels at 72 hours ( Figure 1B) . Quantitative PCR analysis of RNA isolated from full-thickness skin sections showed upregulation of several proinflammatory genes. IL-1b was Figure 2 . Repeated exposure to ultraviolet B (UVB) irradiation induces a modest type I interferon (IFN) response in the skin. C57BL/6 (B6) mice were exposed to subacute UVB irradiation and biopsy specimens were obtained at the time points shown. Their RNA was isolated and quantitative polymerase chain reaction (qPCR) was performed. A, Cutaneous expression of mRNA for IFN-stimulated genes following subacute UVB injury in B6 mice is shown. Fold change was calculated against a separate cohort of nonirradiated mice using the 2 -DDCt method. Data are compiled from at least 3 independent experiments (n 5 20 mice per group). B, Fold change in expression of mRNA for type I IFN genes after UVB exposure is shown. Data are compiled from at least 3 independent experiments (n 5 20 mice per group). C, B6 mice were exposed to either a single 100-mJ/cm 2 dose of UVB irradiation or five 100-mJ/cm 2 doses of UVB irradiation and examined for expression of mRNA for type I IFN response genes by qPCR, expressed as the fold change in expression relative to that in nonirradiated control mice. Data are compiled from 2 independent experiments (n 5 20 mice per group). Values are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation or single-dose UVB irradiation, by Student's unpaired t-test.
significantly up-regulated, with an 8-fold increase by 3 hours that gradually decreased toward baseline, while expression levels of TNF and IL-6 showed a more moderate increase and declined at 24 hours, suggesting active inhibition ( Figure 1C ).
Repeated UVB irradiation induces a type I IFN response in the skin. Because of the interest in the role of type I IFN in SLE, including cutaneous lupus, we focused on the type I IFN response resulting from UVB irradiation. Quantitative PCR evaluation of subacute UVB-irradiated skin showed a modest, although statistically significant, increase in multiple ISGs ( Figure  2A) . Expression of mRNA for Mx-1 protein, IRF-7, and IFIT-1 was increased up to ;4-fold at 3 hours. Generally, we noted that the peaks were bimodal, as ISG expression decreased from 3 hours to 24 hours before increasing again at 72 hours. Subacute UVB irradiation induced modest increases in IFNa gene expression, with peaks at 3 hours and 72 hours, similar to ISG expression ( Figure 2B ). IFNb expression was evaluated in irradiated and nonirradiated samples; however, the mRNA expression was below the limit of detection by qPCR. To evaluate whether repeated as opposed to single dosing of UVB irradiation preferentially induced type I IFN, we compared exposure to subacute UVB irradiation with exposure to a single dose of UVB irradiation (100 mJ/cm 2 ). While subacute UVB irradiation was effective at increasing ISG expression, the singledose exposure caused a down-regulation of mRNA for Mx-1 protein, IRF-7, and IFIT-1 ( Figure 2C ).
PDCs are dispensable for UVB irradiationinduced type I IFN. PDCs have been observed in skin biopsy samples from patients with CLE (8) . To determine whether PDCs are recruited and generate type I IFN following exposure to UVB irradiation, we used BDCA-2-DTR-transgenic mice, which express the DTR under the control of the PDC-specific BDCA-2 promoter; PDCs in these mice are efficiently depleted following DT administration (15) . To validate the experimental approach, we examined PDC numbers in the skin following tape stripping in BDCA-2-DTR-transgenic mice, a protocol that was previously shown to induce PDC recruitment and PDC-dependent type I IFN expression (12) .
PDCs (CD451Ly-6C1CD11c1PDCA-11 and Siglec H positive), which were not detected in unstimulated skin (data not shown), were effectively depleted in BDCA-2-DTR-transgenic mice injected with DT but not in WT mice injected with DT 24 hours following tape stripping ( Figure 3A) . Quantitative PCR analysis of skin samples obtained 24 hours after tape stripping for type I IFN genes NAIR 5 depilated with Nair only; TS 5 depilated with Nair and tape stripped; TS 1 DT 5 depilated with Nair, tape stripped, and injected with DT. Data are compiled from 3 independent experiments (n 5 8 mice per group). C, BDCA-2-DTR-transgenic mice and B6 mice were exposed to subacute UVB irradiation. Both groups were injected with 125 ng of DT every 2-3 days beginning at the first UVB exposure and through the duration of the experiment. Cutaneous expression of mRNA for IFN-stimulated genes was quantified by quantitative polymerase chain reaction and expressed as fold change. Data are compiled from 2 experiments (n 5 5-7 mice per group). Values in B and C are the mean 6 SD. * 5 P , 0.05 by Student's unpaired t-test.
(for IFIT-1, Mx-1 protein, and ISG-15) showed abrogation of the type I IFN response in the skin in BDCA-2-DTRtransgenic mice but not in control mice ( Figure 3B ). To evaluate the role of PDCs in UVB irradiation-induced type I IFN, BDCA-2-DTR-transgenic mice and control mice were next subjected to the 5-day subacute irradiation protocol as described above. Mice were injected with DT every 2-3 days during the irradiation and biopsy period. Expression of mRNA for the ISGs Mx-1 protein, IRF-7, IFIT-1, and ISG-15 by qPCR was similar between the 2 groups ( Figure 3C ), suggesting that PDCs were not required for ISG production following UVB irradiation. Thus, while PDCs appear to be necessary for the IFN response seen in tape stripping (12) , our data suggest that PDCs are dispensable for type I IFN signaling following repeated exposure of normal skin to UVB irradiation. CCR21 cells are recruited to skin following UVB irradiation and contribute to type I IFN signaling. Inflammatory monocytes are recruited to tissue in response to inflammation, and they express DNA and RNA sensors capable of generating type I IFN (16, 17) . Since we observed cells with the phenotype of inflammatory macrophages (CD11b high Ly-6C high Ly-6G low ) in the skin following subacute UVB irradiation, we sought to determine whether this cell population was increased and could contribute to inflammation. To specifically follow this cell population, we used CCR2-GFP-transgenic mice (18) and exposed them to UVB irradiation using the subacute protocol.
UVB irradiation induced an ;5-fold increase in the number of inflammatory monocytes (CD11b1CCR21) in the skin ( Figure 4B ). Serial biopsy samples showed that CCR21 monocytes represented more than one-third of Figure 4 . CCR21 cells recruited to skin contribute to ultraviolet B (UVB) irradiation-induced type I interferon (IFN) production. Mice transgenic for CCR2 and green fluorescent protein (GFP) were exposed to subacute UVB irradiation. A, Representative flow cytometry plot of collagenasedigested skin 24 hours after final UVB irradiation is shown. B, Flow cytometry analysis shows the percentage of CCR21 cells in the skin following UVB irradiation (n 5 6 mice). C, Representative immunofluorescence of CCR2-GFP expression in the skin before and after subacute UVB irradiation (24 hours after the final UVB dose) is shown. Bars 5 200 mm. D, CCR2-diphtheria toxin receptor (DTR)-transgenic mice and wild-type mice were exposed to subacute UVB irradiation. Both groups were injected with 250 ng of DT every 2-3 days beginning at the first UVB exposure and through the duration of the experiment. Cutaneous expression of mRNA for IFN-stimulated genes was assessed by quantitative polymerase chain reaction and expressed as fold change. Data are compiled from 2 experiments (n 5 6-8 mice per group). Values in B and D are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation or versus CCR2-DTR-transgenic mice, by Student's unpaired t-test.
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CD451 cells in the skin 3 hours following subacute UVB irradiation, with the numbers steadily declining over the next 3 days ( Figure 4B ). Immunofluorescence of skin samples revealed that CCR21 monocytes were recruited predominantly to the dermis ( Figure 4C ). To determine whether CCR21 monocytes were implicated in UVB irradiation-induced expression of type I IFN, we used CCR2-DTR-transgenic mice, which express the DTR under the control of the CCR2 promoter; inflammatory monocytes are depleted in these mice following DT injection (19) . After we confirmed that DT depleted inflammatory monocytes from both the spleen and skin (data not shown), CCR2-DTR-transgenic mice and WT mice were injected intraperitoneally with 250 ng DT every 2-3 days (maximum of 3 injections) and exposed to subacute UVB irradiation. In contrast to our previous experiments performed with PDC depletion, we observed that inflammatory monocyte-depleted mice had reduced expression of the ISGs for Mx-1 protein, IRF-7, and IFIT-1 24 hours and, particularly, 72 hours following subacute UVB irradiation ( Figure 4D ). Interestingly, expression of ISGs at 3 hours was similar between monocyte-depleted and nondepleted mice, which may suggest that an additional cell type is responsible for early type I IFN production in response to UVB irradiation. STING mediates both the inflammatory and type I IFN responses to UVB irradiation. UVB irradiation causes cell injury and death with extensive DNA damage (20) . Numerous intracellular DNA sensors converge on the core adaptor protein STING to induce the expression of type I IFN and other cytokines through IRF-3 and NF-kB pathways (11) . To determine whether the STING pathway contributed to UVB irradiation-induced immune responses in vivo, we compared UVB irradiation-induced skin responses in mice lacking the gene encoding STING (STING-knockout mice) with UVB irradiation-induced skin responses in WT mice. In response to subacute UVB irradiation, we observed a marked decrease in Mx-1 protein, IRF-7, and IFIT-1 mRNA transcripts in STINGknockout mice compared to WT mice ( Figure 5B ), which suggests that STING is required for type I IFN production. We observed that expression of mRNA for the proinflammatory cytokines IL-1b, TNF, and IL-6 was also attenuated in STING-knockout mice ( Figure 5C ). Taken together, these results indicate that cytosolic nucleic acid sensor(s) and the adaptor protein STING play an important role in sensing damage and mediating immune responses following UVB irradiation.
Type I IFN attenuates the UVB irradiationinduced inflammatory response in the skin. In the model of mechanical skin injury induced by tape stripping, type I IFN was observed to play a physiologic role in wound healing, since loss of IFN signaling led to delayed reepithelialization following injury (12) . To evaluate whether type I IFN exerted a pathologic or beneficial role following UVB irradiation, we compared cytokine responses in WT mice with those in mice lacking the common murine receptor for IFNa/IFNb (IFN-a/b/v receptor [IFNAR]-knockout mice). Following subacute UVB irradiation, IFNAR-knockout mice were observed to have increased inflammatory cell infiltrates compared to WT B6 mice on light microscopic analysis ( Figure 6A ). Compared to WT Figure 5 . Deficiency in stimulator of interferon (IFN) genes (STING) attenuates the inflammatory cytokine response to ultraviolet B (UVB) irradiation. C57BL/6 (B6) and STING-knockout (KO) mice were exposed to subacute UVB irradiation. A, Cutaneous expression of mRNA for proinflammatory cytokine genes and IFN-stimulated genes after UVB irradiation. B and C, Expression of mRNA for IFN-stimulated genes (B) and proinflammatory cytokine genes (C) 3, 24, and 72 hours after UVB irradiation. Data are compiled from at least 3 independent experiments (n 5 11-20 mice per group). Values are the mean 6 SD. *** 5 P , 0.001 by Student's unpaired t-test.
mice, IFNAR-knockout mice consistently showed increased skin thickness and inflammatory changes, including increased tissue edema, as well as increased numbers of infiltrating cells in both the reticular dermis and subcutis. Quantification of nucleated cells in the dermis and subcutis of H&E-stained sections using image-processing software revealed increased numbers of cells in IFNAR-knockout mice at 3 hours ( Figure 6B ) as well as increases in expression of mRNA for CD45 and CD11b by qPCR ( Figure 6D ). These results suggest that type I IFN plays a role in limiting the extent of the clinical sunburn reaction in normal mice, and that in the absence of type I IFN signaling, more severe inflammation occurs following UVB irradiation.
To evaluate whether type I IFN exerts a protective effect through binding to IFNAR and subsequent downregulation of proinflammatory cytokines (21), we examined expression of mRNA for IL-1b, TNF, and IL-6 in IFNAR-knockout and WT mice ( Figure 6C ). IL-6 expression was significantly increased in IFNAR-knockout mice at 3 hours before decreasing to levels similar to those in WT mice at later time points. Although expression of both IL-1b and TNF was higher at some time points in IFNAR-knockout mice after UVB irradiation, the results were not statistically significant compared to WT mice. Three hours after UVB irradiation, IFNAR-knockout mice had significantly increased expression of mRNA for COX-2 (which generates prostaglandin E 2 ) and tissue collagenase MMP-13 (a mediator of tissue damage following UVB irradiation), possibly implicating type I IFN in regulation of these inflammatory pathways ( Figure 6D ). Thus, type I IFN appears to play a physiologic role in reducing skin inflammation and plays a regulatory role in limiting expression of some proinflammatory cytokines and mediators of inflammation, thereby limiting tissue damage in normal B6 mice.
DISCUSSION
Type I IFN is strongly implicated in the pathogenesis of SLE and cutaneous lupus, and it is classically thought to be important as an adjuvant promoting proinflammatory responses during viral infections and in various autoimmune disorders (7). Our study identifies a novel role for type I IFN in regulating inflammatory responses in normal skin in response to repeated UVB irradiation. This was demonstrated by increased skin inflammation and enhanced expression of the proinflammatory cytokine IL-6 as well as COX-2 and MMP-13 in mice that were exposed to UVB irradiation but were unable to respond to type I IFN because they lacked the common IFN receptor. Antiinflammatory properties of type I IFN have also been shown in other contexts. For example, apoptotic cells in the spleen stimulate IFNb production followed by induction of the immunosuppressive molecule indoleamine 2,3-dioxygenase and by recruitment of Treg cells (22) . In addition, type I IFN appears to be immunosuppressive in murine models of malaria and tuberculosis (23, 24) and can stimulate IL-10 production during certain viral infections (25) . Our study suggests an important antiinflammatory role for UVB irradiationinduced type I IFN production in the skin, as evidenced by a reduction in inflammatory cell recruitment and reduced expression of genes mediating inflammation and tissue damage.
While both tape stripping and UVB irradiation induced type I IFN in normal skin, UVB irradiationinduced IFN appeared to play a notably different role in the skin following injury. First, the type I IFN response was much higher following tape stripping, compared to the low-dose response obtained after UVB irradiation. Further, while we observed increased levels of IL-6 mRNA in IFNAR-knockout mice following UVB irradiation, tape stripping of IFNAR-knockout mice causes significantly decreased levels of IL-6 mRNA and slightly lower levels of TNF mRNA (12) . Thus, UVB irradiationinduced type I IFN had an antiinflammatory effect that limited the extent of inflammation, while tape stripping induced a proinflammatory effect that was important for wound healing (12) . The differences between UVB irradiation and tape stripping suggest that the type or duration of injury is important in determining the inflammatory response. In addition to differences in PDC involvement (see below), different nucleic acid sensing pathways could be implicated. Consistent with a role for PDCs, TLR-7 and TLR-9 pathways were necessary for type I IFN stimulation in the tape stripping model, while TLR-3 (26) and, in our studies, the STING pathway are implicated in mediating responses to UV irradiation.
Yin et al (27) recently reported stimulation of a transient type I IFN response in mouse skin after 2 high doses of UVB irradiation (500 mJ/cm 2 ). The authors suggested that PDCs were the source of type I IFN, although this was not tested directly by depletion studies. In contrast, we were not able to demonstrate PDC recruitment to UVB-irradiated skin in our subacute UVB irradiation model by flow cytometry (data not shown). Furthermore, while PDC depletion attenuated ISG responses in tapestripped mice, PDC depletion in mice exposed to UVB irradiation neither altered ISG mRNA levels nor recapitulated the phenotype seen in IFNAR-knockout mice. While it is possible that differences in the UVB irradiation regimens explains the altered outcomes, the CD11c1PDCA-11 population seen by Yin et al (27) may not be typical PDCs, considering the lack of specificity of many traditional cell markers in skin populations (28) .
In contrast to the dearth of PDCs, we observed that more than one-third of cells in the skin examined early after the subacute protocol were inflammatory monocytes. Furthermore, when these cells were depleted, ISG expression was diminished. Inflammatory monocytes were previously shown to produce type I IFN following viral infection (16, 17) , but their role in type I IFN production in the skin following UVB irradiation in the skin, whether direct or indirect, is a novel observation. We noticed that the reduction of inflammatory monocytemediated type I IFN response was maximal at the 72-hour time point, leaving open the possibility that other cells such as keratinocytes and/or fibroblasts participate in the earlier (at ;3 hours) type I IFN response. Further investigation is underway to identify the IFN-producing populations following subacute UV irradiation, as many resident immune (dermal dendritic cells, mast cells) and nonimmune (keratinocytes, fibroblasts) cell populations have been reported to produce type I IFN (13, 29, 30) .
The striking decrease of both ISG and proinflammatory gene levels by qPCR in STING-deficient mice suggests that STING plays an important role in transmitting cytokine responses in response to UVB irradiation. STING-mediated TANK-binding kinase 1 (TBK-1) activity may explain the effects of STING deficiency observed in our model. STING-induced TBK-1 is required for type I IFN production via IRF-3, but it also promotes canonical NF-kB activity and generation of the inflammatory cytokines TNF and IL-6 (31, 32) . Interestingly, TBK-1-deficient mice spontaneously develop inflammatory skin lesions and activation of monocytes (32) . Taken together with our data showing similar features in IFNAR-deficient mice, this may suggest a critical role for TBK-1-mediated type I IFN in limiting harmful inflammatory responses to environmental triggers in normal skin.
Using cells in vitro, Gehrke et al (33) reported that UV irradiation induced type I IFN through activation of the STING pathway. UVB and UVC are well known to oxidize guanine to generate 8-hydroxydeoxyguanosine (8-OHdG). Interestingly, Gehrke et al showed that oxidized DNA is more resistant to the 3-5 0 repair exonuclease 1 (TREX-1)-mediated degradation, resulting in increased type I IFN production in TREX-1-deficient cells (33) . In addition, it has been previously demonstrated that 8-OHdG is readily detected in the skin lesions of lupus patients as well as in the UV-irradiated skin of healthy individuals (33, 34) . Our observation that STINGknockout mice have markedly reduced levels of ISGs in response to UVB irradiation suggests that oxidation of DNA by UVB irradiation, with sequential activation of 834 SONTHEIMER ET AL cyclic GMP-AMP cyclase and STING (35) , is a key pathway in initiation of type I IFN production in normal skin. However, other pathways contributing to nucleic acid sensing and production of inflammatory cytokines such as TLR-3 (26) may also be involved. In summary, we identified a novel role for a STING-dependent low-dose type I IFN response in protection against UVB irradiation-induced inflammation and tissue damage. Inflammatory monocytes, as opposed to PDCs, were required for type I IFN responses. Given the heightened sensitivity of lupus patients to UVB exposure-induced skin damage, further studies are needed to assess whether the initial type I IFN pathway is altered in lupus patients and whether autoantibody binding to cell death antigens to generate ICs that activate FcgRIIa on PDCs overwhelms regulatory processes and leads to uncontrolled type I IFN production.
